Electrical resistivity measurements have been carried out for both flash-evaporated reentrant spin glasses ͑RSGs͒ ͑Ni 76−x Pd x ͒Mn 24 and Ni 74.5 Mn 23.5 Pd 2 , as well as Ni 75 Mn 23 Pd 2 , a pure SG. These measurements were carried out at temperatures down to 4 K. We observed a very deep resistivity minimum at about 75 K for Ni 74 Mn 24 Pd 2 . It was found previously ͓Öner et al., J. Appl. Phys. 89, 7044 ͑2001͔͒ that this sample shows the largest coercivity and exchange unidirectional anisotropy among these films. In addition, magnetization measurements show that this takes place just on the border of the RSG such that it could be handled as a superparamagnetic sample. Previously it was assumed that the exchange bias created in the sample between the domains plays the dominant role in the resistivity minimum. On the other hand, in order to account for the temperature dependence of the resistivity below the minimum we have analyzed these data using the Kondo, two-channel Kondo, weak localization, and Cochrane models for structural disorder based on the Anderson mechanism. We have deduced that the two-channel Kondo model gives the best agreement with the data; a logarithmic temperature dependence ⌬͑T͒ = ␤ log 10 ͑T / T K ͒, was observed at the temperatures below T f accompanied by a resistivity behavior ⌬͑T͒ = 0m ͑0͒͑1−␣T 1/2 ͒, at lower temperatures. All parameters deduced from the fitting correlate consistently with the strength of the exchange anisotropy and coercivity in the RSG films, and thus provide a separate measure of the presence of antiferromagnetically coupled domains in these materials.
INTRODUCTION
Disordered Ni 1−x Mn x alloys have very peculiar and interesting electrical and magnetic behaviors with a strong dependence on the composition and the magnetic and thermal histories. Near a multicritical point at a composition x = 0.24, reentrant spin-glass ͑RSG͒ behavior is observed, 1 in which a ferromagnetically ordered state exhibits a spontaneous transformation to a disordered magnetic state upon decreasing temperature. It is now generally agreed that this transformation involves canting of antiferromagnetically coupled spins, 2-4 although the ferromagnetic state itself is not a fully ordered one, 5 but includes reversed domains. The electrical resistivity is an important means to characterize magnetic disorder and low-lying excitation in such materials. It has been shown 6, 7 that NiMn and Pt doped NiMn alloys exhibit resistivity minima at low temperatures, with the resistivity increase reflecting the emergence of a more highly disordered magnetic phase. In addition, Sato et al. 8 have pointed out that the resistivity minimum temperature ͑T m ͒ correlates with the spin-glass transition temperature T f . However, for Mn concentrations smaller than the x = 0.24 multicritical point the minimum shifts to lower temperature with increasing thickness, whereas this minimum shifts to higher temperature for Mn concentrations above the multicritical concentration. It appears that the spin correlations have different characters in these two regimes.
One of the most important contributions to the resistivity upturn in disordered magnetic systems at low temperatures arises from electron scattering by localized spins and is magnetic in origin. However, a number of other contributions can arise, 9 including the magnetic single-ion Kondo scattering and a model associated with quantum tunneling between metastable two-level states developed by Cochrane et al. 10 These tunneling states can be associated with structural as well as magnetic disorder, and indeed a low-temperature resistivity minimum is commonly observed in nonmagnetic metallic glasses. 11 Previously, it was shown 7, 12 that amorphous NiMn films exhibit a RSG behavior similar to that of the corresponding polycrystalline materials. Recently, we have carried out magnetic measurements of flash-evaporated Pd doped NiMn alloys to investigate the role of Pd atoms on the magnetic states of these alloys for zero field cooled ͑ZFC͒ or FC cases. 13 The irreversibility behavior observed in this system was explained in terms of the antiferromagnetic alignment of magnetic domains in the ferromagnetic state. Here we report results of resistivity measurements on these thin films, in order ͑i͒ to bring out the role of Pd impurities on the anisotropies, which are strongly sensitive to local magnetic order, ͑ii͒ to provide a better understanding of the resistivity minimum in this system, and ͑iii͒ to study the correlation between the low-temperature resistivity and the strength of the exchange anisotropy and coercivity in these films.
EXPERIMENT
Films of compositions of ͑Ni 76−x Pd x ͒Mn 24 ͑x =0, 2, and 5͒, Ni 74.5 Mn 23.5 Pd 2 , and Ni 75 Mn 23 Pd 2 were prepared using a flash evaporation technique. These were identical films to those described in the earlier magnetic study. 13 X-ray spectra taken on these samples showed no Bragg peaks but were characterized by a broad structureless intensity with a maximum at low angles that is a characteristic of the amorphous state. Atomic force microscopy ͑AFM͒ was used to control the quality of the sample. All these measurements provided clear evidence that they have a highly disordered, noncrystalline structure. The resistivity for these samples was measured using a standard dc four-probe setup over a 4 -300 K temperature range. A calibrated Ge thermometer ͑GR-200A-2500͒ was used to measure the temperature below 80 K. For higher temperatures, a calibrated Pt thermometer was used. 24 Pd 5 , the resistivity minimum takes place at a temperature below our available lowest temperature, 4 K. The values of the room temperature resistivity, the resistivity minimum temperatures, and the thicknesses are given in Table I , along with magnetic properties from Ref. 13 for comparison.
RESULTS

Figures
At higher temperatures, the resistivity is well described by the Bloch-Grüneisen equation 14 expressed as follows:
where ⌰ D is the Debye temperature, J 5 ͑⌰ D / T͒ is the Grü-neisen function, R refers to the linear dependence at high temperature, and os is the residual resistivity. The BlochGrüneisen theory can apply just as well for the distribution of phonons in amorphous and nanocrystalline materials as in crystalline ones, 15, 16 as long as the electron mean free path is at least several near-neighbor distances. The resistivities observed here are in the metallic range, and small enough to Table II .
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Öner, Kamer, and Ross Jr. J. Appl. Phys. 100, 113910 ͑2006͒ satisfy the latter condition. There is also a term in the resistivity of amorphous films due to scattering from vibrating randomly positioned atoms, which gives a T 2 temperature dependence. This term can dominate in metal-metalloid films such as Ni-P; 16 however, in Ti-Co films this term is found to be small, 15 and one would expect a similar situation to hold in Ni-Mn films, as indeed was found from our fitting procedure. The fitting parameters os and ⌰ D obtained by applying Eq. ͑1͒ for each sample are listed in Table II . We note that the values of ⌰ D vary between 180 and 220 K, which are very close to those obtained for some transition metal based metallic glasses.
17 os is assumed due to a static structural disorder, of nonmagnetic origin, and falls between 80 and 350 ⍀ cm. The Bloch-Grüneisen curves ͑the continuous curves͒ are also shown in the top panes of Figs. 1-5.
The excess resistivity ⌬ mag = alloy ͑T͒ − s ͑T͒ of these alloys is plotted versus log 10 T up to 120 K for each sample ͑middle panes, Figs. 1-5͒. This remainder can be considered as due to magnetic contributions to the resistivity. These figures reveal that the magnetic part of the resistivity for all samples begins to diverge upward with decreasing temperature and shows signs of saturation though it is still increasing even at our lowest available temperature of 4 K. The full lines in the figures represent the following function:
where the values of the fitting parameters ␤ and T K together with the fitting ranges are presented in Table II 
provides a good description of the resistivities of all samples. To demonstrate this, figures 1͑c͒, 2͑c͒, 3͑c͒, 4͑c͒, and 5͑c͒ show the lower-temperature excess resistivity ⌬ mag , plotted versus T 1/2 , along with fitting curves ͑the continuous curves͒ obtained by using Eq. ͑3͒. Values of the coefficients 0m and ␣ together with the fitting ranges of temperature are presented in Table II .
From our previous magnetization data ͑Ref. 13͒, we found that the first three samples given above are RSGs, whereas the Ni 75 Mn 23 Pd 2 sample is a typical pure spin glass. The freezing temperatures, the coercivity values, and also the exchange field values ͑a shift along the field axis of the magnetization hysteresis loop͒ have been taken from Ref. 13 24 Pd 2 . Solid line shows the fit to the Bloch-Grüneisen expression at higher temperatures. ͑b͒ The magnetic contribution to the resistivity ⌬ mag plotted vs log 10 T. The solid line represents Eq. ͑2͒ with values of ␤ and T K given in Table II Table II .
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Öner, Kamer, and Ross Jr. J. Appl. Phys. 100, 113910 ͑2006͒ summarized in Table I . Note that the depth of the resistivity minimum increases with increasing coercivity and exchange unidirectional anisotropy. Indeed, it can be seen from Fig. 3 that the Ni 74 Mn 24 Pd 2 sample having the largest coercivity and exchange anisotropy among these samples gives a much deeper resistivity minimum at higher temperature. It is also interesting to note that this sample takes place just on the border of the RSG such that it could be handled as a superparamagnetic sample.
ANALYSIS AND DISCUSSION
We will first discuss the temperature dependence of the term ⌬ mag , which we ascribe to the magnetic part of the resistivity. As indicated in Figs. 1-5 , the rapid increase in the excess resistivity at higher temperatures levels off at lower temperatures. One possibility for this behavior is the singleion Kondo effect: For ferromagnetic glassy metals, though the exchange interaction might be expected to remove any magnetic degeneracy, the random magnetic disorder may leave some spins unquenched thus allowing a Kondo mechanism to persist. 5 In this case a characteristic logarithmic behavior is expected for the resistivity. However, our attempts to fit to a resistivity term proportional to −ln T gave rather poor results. Other possible mechanisms responsible for an upturn in ͑T͒ near zero temperature include, for example, a linear increase in T due to the screening of electron-electron interactions due to their slow diffusion in the disordered structure ͑Anderson weak localization͒. 18 However, a linear fit does not fit our data satisfactorily, either. On the other hand, Cochrane et al. 10 have also proposed a mechanism of structural origin, due to scattering by two-level systems. They obtained an analytic expression of the following form:
where ⌬ is the energy difference between the two atomic tunneling states and A is a constant depending on the number of contributing sites and the strength of the Coulomb interaction. We have used Eq. ͑4͒, with the addition of a temperature-independent term, 0 for fitting the experimental data, and obtained a quite satisfactory fit ͑see Fig. 6͒ . The values of the best fitting parameters 0 , A, and ⌬ are indicated in Fig. 6 . The values of ⌬ for the other samples are also given in Table II . At first sight, one can ascribe these minima to the instability of the structural atomic order. However, similar resistivity minima have been observed for polycrystalline NiMn and Pt doped NiMn systems. 19 It should be also be noted that fitted ⌬ values are much greater than 1 K, which is an upper limit for samples whose resistivities are on the order of a few hundred ⍀ cm. 10 Close inspection of the parameters given in Tables I and  II shows that the resistivity fitting parameters associated with the temperature-dependent behavior correlate with the coercivities ͑to be taken as a measure of the irreversibility͒ and the exchange anisotropies. Our previous transport measurements and this study lead us to conclude that resistivity minima observed in NiMn systems either in the polycrystalline phase or in the amorphous phase are of magnetic origin. We can rule out a mechanism of structural origin to account for the resistivity upturn below the freezing temperature. In order to interpret the temperature behavior at low temperatures and also clarify the relationship between the resistivity and the magnetic state of these systems, we suggest the fol- . The solid line represents the expression indicated in the figure ͓Eq. ͑3͔͒. Values of the fitting parameters ␣ and 0m are given in Table II. lowing model to be a possible mechanism, which is responsible for the upturn resistivity observed for the NiMn system at low temperatures.
As is well known, for metallic spin glasses there are many alternative spin configurations, separated by lowenergy barriers for local spin groups. This leads to a finite number of low-energy excitations. 20 We believe that the existence of this low-energy spectrum, which is magnetic in origin, may provide a scattering channel for the electrons, analogous to the degree of freedom provided by a local spin in a Kondo system. The tunneling rate between local minima decreases with temperature. As the temperature is further decreased, the spins are frozen into one of the two potential minima. The interactions between resonating spins and magnetic two-level systems, of exchange origin, become dominant in the transport properties of the sample. Korenblit et al. 21 interpreted the results of inelastic neutron scattering on amorphous ͑Fe 1−x Mn x ͒ 75 P 16 B 6 Al 3 spin-glass samples due to Aeppli et al. 22 in terms of magnetic two-level systems and claimed that the experimental results were a convincing evidence for two-level systems in amorphous Heisenberg ferromagnets with antiferromagnetic bonds. A similar model had already been suggested by Continentino 23 for the tunneling rate from one metastable minimum to another via an interaction with spin waves and magnetic two-level systems ͑MTLSs͒ in a ferromagnet with frustration. We have used this model in our previous electron spin resonance ͑ESR͒ work done on amorphous NiMn and Pt doped NiMn thin films 24 and compared our results with the prediction of this model. The resonance linewidths for these samples were satisfactorily interpreted in terms of the coupling between the resonating spins and magnetic two-level systems, considering that MTLSs are quasidegenerate and barrier heights V are distributed according to ͑1/V͒exp͑−V / V 0 ͒ and the relaxation time as 0 exp͑V / kT͒. It appears that the scattering of resonating spins from MTLS induces tunneling ͑at a rate estimated to be a few times 10 GHz from X-band ESR measurements͒, giving rise to an additional contribution to the lowtemperature resistivity. Another support for the existence of MTLS in amorphous spin glasses comes from the thermal conductivity 25 and magnetization studies 26 done on some amorphous spin glasses ͑PdCuSi͒ 90 TM 10 , TM = Mn, Fe, and Co. In these works the authors have interpreted adequately their experimental results in terms of thermal activated MTLSs by inelastic scattering of phonons via spin-orbit interactions. Recently, Cox and co-workers 27 have carried out a systematic renormalization-group treatment to reveal the physical properties of some thermodynamic quantities involving low-temperature logarithmic singularities for any disordered system. They have pointed out that the rate of electronic scattering from TLSs contributes to the resistivity, for which the temperature behavior depends on the ratio V / T K , where V is the energy difference between the two tunneling states and T K is the Kondo temperature, which can be estimated from the intersection of the logarithmic resistivity line with the temperature axis. If V Ӷ T K , a region of ͑lnT͒ temperature behavior is followed by the region with / 0m =1−␣T 1/2 temperature behavior. 28, 29 According to this model, a non-Fermi-liquid ͑nFL͒ ground state can be developed below T K , while above T K a logarithmic temperature dependence of the electrical resistivity should be observed. In this model, the ln͑T͒ singularity has its origin in the nonmagnetic interaction of itinerant electrons with the defect centers. In fact, this situation is mathematically analogous to the Kondo problem where the impurity is spin compensated by the conduction electrons. Hence, in this model the TLS corresponds to a Kondo spin-1 / 2 impurity, and the energy separation V of the two TLS minima has its analogy in the Zeeman splitting of the Kondo impurity, while the partial waves ͑orbital degrees of freedom͒ of the conduction electrons interacting with the TLS correspond to the channel index in the classical Kondo problem. However, very recently, Aleiner et al. 30 have shown that two channel Kondo ͑with the orbital index of the particle͒ behavior can never be observed in the weak-coupling regime. But, in the strong coupling regime, Zaránd 31 has suggested that the magnetic Kondo resonance would provide the resonance needed for the orbital Kondo effect. In this scenario, the magnetic correlations increase the coupling of the tunneling system and generate an orbital Kondo effect. In our study, the situation is different in that spin-dependent electron scattering causes some local groups of spins to change orientations with respect to the anisotropy field directions ͑such as triad anisotropy axes 32 ͒. Here, the energy difference between two local minima of spin configurations corresponds to spin splitting. It should be noted that T K in our samples occurs in the temperature range of 30-80 K ͓above the temperature where the ln͑T͒ behavior appears͔. The thermal energy is enough to create a spectrum of magnons in domains ͑or within local groups of spins͒. As the temperature is further decreased, since the mean free path is so short for these samples ͑a few nanometers͒ only short-wavelength spin waves will cause scattering, and these have energies that are too high to be excited at lower temperatures. This means that the system stays in its lowest level at lower temperatures for a time which is long compared to the inverse tunneling rate of the electrons.
As for the temperature-independent term, there are two possible cases. Scattering from magnetic moments in the region between magnetic domains may be temperature independent when averaged over the scale of the mean free path of conduction electrons. As an alternative, it may be that the coherent and incoherent electron-magnon scattering mechanisms cancel quantitatively when summed, thus giving a temperature-independent resistivity at low temperatures. 33 With regard to the correlation between the unidirectional exchange anisotropy and coercivity and the resistance minimum ͑parameters are summarized in Tables I and II͒ , the larger the unidirectional exchange anisotropy the more pronounced is the minimum that occurs. Since the Dzyaloshinski-Moriya ͑DM͒ and uniaxial anisotropy effects lead to irreversibility in RSG systems, 34 one can assert that an exchange anisotropy including both uniaxial and DM anisotropic interactions plays an important role in the temperature dependence of the resistivity. Indeed, the Ni 74 Mn 24 Pd 2 sample shows a much deeper minimum at higher temperature. The irreversibility effect in this sample is much more severe due to anisotropic exchange interactions within the domains and on the domain surfaces. This sample takes place just on the border of the RSG such that it could be considered a superparamagnetic sample. Thus this correlation provides us a separate measure of the presence of antiferromagnetically coupled domains in these materials.
We conclude that in these reentrant spin-glass ͑RSG͒ systems, anisotropic exchange interactions manifest themselves through the resistivity, giving rise to an additional term as described here. The temperature behavior of this contribution can be explained satisfactorily in terms of magnetic two-level-type interactions mediated by electron-spindependent scattering between two channels. The temperature-dependent resistivity measurements show that a Kondo-like logarithmic temperature characteristic changes to a power-law behavior going as T 1/2 as the temperature is further decreased. Fitting parameters such as the resistivity coefficients are closely correlated with the irreversibility effects characterized by coercivities and the magnetic freezing temperatures. Thus, the anomalous behavior observed in the resistivity can be attributed to the irreversibility effects for RSG systems. 
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